Using scanning tunneling spectroscopy (STS), we address the problem of the superconductorinsulator phase transition (SIT) in homogeneously disordered ultrathin (2-15 nm) films of NbN. Samples thicker than 8 nm, for which the Ioffe-Regel parameter kF l ≥ 5.6, manifest a conventional superconductivity : A spatially homogeneous BCS-like gap, vanishing at the critical temperature, and a vortex lattice in magnetic field. Upon thickness reduction, however, while kF l lowers, the STS revealed striking deviations from the BCS scenario, among which a progressive decrease of the coherence peak height and spatial inhomogeneities. The thinnest film (2.16 nm), while not being exactly at the SIT ( TC ≈ 0.4T C−bulk ), showed astonishingly vanishing coherence peaks and the absence of vortices. In the quasi-2D limit, such clear signatures of the loss of long-range phase coherence strongly suggest that, at the SIT the superconductivity is destroyed by phase fluctuations.
Despite numerous theoretical and experimental works [1] , the understanding of the phase transition from a superconducting (SC) to an insulating state in ultrathin films remains a very challenging problem. The structural properties of the films are known to play a key-role in determining the low-temperature electronic properties. Disordered SC thin films undergoing a superconductorinsulator transition (SIT) can be divided into two groups [2] : i) Granular systems, consisting of coupled SC grains, described at low temperature as an array of Josephson junctions [3] ; ii) Systems qualified as "homogeneous" where both amplitude and phase variations of the order parameter are believed to play an important role [4] . In contrast, in perfectly crystallized systems the SIT was not observed down to a single atomic monolayer [5] .
A way to get a new insight in the microscopic processes occurring at the SIT is to study the local properties of the SC condensate evolving in a disordered potential. Recently two scanning tunneling microscopy and spectroscopy (STM/STS) experiments addressed this question bringing new interesting results and leading to various successive interpretations [6, 7] . It is worth noting that the SIT problem has also important application issues, specifically in the field of single photon detectors [8] in which ultrathin SC films (usually NbN or NbTiN) are used. While the microscopic picture of the photonto-condensate excitation conversion does not imply any thickness dependence, it has recently been discovered that the maximum detection efficiency occurs for film thicknesses close to the SIT [9] . Thus, the detailed study at the nanometer scale of such SC films would be of help in the understanding of the underlying microscopic processes of the photon absorption by real SC devices.
In this Letter, we address the SIT problem locally in a direct STS experiment by varying the thickness of ultrathin NbN films from 15 down to 2.16 nm, the corresponding T C varying from 15.0 to 6.7 K, while the Ioffe-Regel parameter k F l decreases from 5.7 to below 2.6. Our STS data reveal profound changes in the local behavior of the SC films as the SIT is approached. The amplitude of the coherence peaks diminishes to almost vanish when T C ≈ 0.4T C−bulk , which is not in the very vicinity of the insulating transition. This feature is accompanied by a significant broadening of the quasiparticle density of states (DOS) and by the development of a correlated electronic background evidenced by a characteristic V-shape, extending to voltages 5-10 mV significantly larger than ∆/e. In addition, a shallow pseudogap regime is observed in a very narrow temperature window just above T C . Interestingly, our results on 2D-superconductors present many similarities with the results reported for 3D-NbN films of comparable T C and k F l [10] but are in striking contrast with the recently reported large pseudogap regimes observed in TiN and InO [6, 7] . We ascribe these differences to a more homogeneous crystalline structure of our NbN films and to film conductances farther away from the critical one. Finally, while the vortex lattice is observed in thicker films subject to magnetic field, the STS contrast decreases when reducing the film thickness; strikingly, the 2.16 nm film with T C ≈ 0.4T C−bulk does not show any evidence of the vortex state, emphasizing thereby the loss of long-range SC phase coherence. Our results on 2D-homogeneously disordered superconductors therefore strongly support that phase fluctuations drive the insulating transition and have already profound effects before the SIT. In order to achieve as realistic conditions as possible, ultrathin NbN films used in real single photon detectors [9] were probed; for every thickness the films were grown using identical growth conditions on crystalline sapphire substrates by DC reactive magnetron sputtering of a pure Nb target in an Ar+N 2 gas mixture. Their structural, optical, electronic and SC properties were extensively studied and are thus well established [11] ; 12 nm thick films have a T C about 15 K and k F l ≈ 5.7; these parameters hardly change for 6 nm thick films for which T C is about 14 K and k F l ≈ 5.6; reducing further the thickness by two, 3.2 nm, T C is reduced to 10.7 K and k F l ≈ 2.6; the structural characterization shows that such NbN films are covered by a 0.5-1 nm thin natural passivation layer [11] . Estimation of the Ginzburg-Landau coherence lengths reveals values between 4 and 6 nm; thus films having thicknesses below about 5 nm can be considered as true 2D SC, the passivation layer having to be considered as belonging to the system itself. For thicker films, we see from the T C values very close to bulk T C ≈ 15.5 K, that the passivation layer induces a negligible inverse proximity effect on SC.
R sq (T ), the square resistivity vs temperature dependence of the studied films, is presented in Fig.1a . It shows a typical SIT behavior of non-granular films : R sq (T ) keeps a very smooth dependence on approaching T C ; T C monotonically lowers as the film thickness decreases. Being weak for thicker films (8 nm and more), this effect becomes significant for thinner films, reflecting the rapid suppression of T C on approaching the SIT. Among the studied samples, the 2.16 nm one is the closest to the SIT, "sitting" on its SC side, and having T C ≈ 0.4T C−bulk ; yet thinner films (2.0 nm) show an insulating behavior at low temperature.
All the studied films were grown ex situ. No further treatment was performed prior to STM/STS experiment. Constant current STM images revealed a very smooth film surface with ≈ 0.1 nm roughness, which is 10 times less than the corrugation of patterned films [11] . The STS was performed at variable temperatures (2.5-20 K) using mechanically cut Pt/Ir tips. The local tunneling conductance spectra dI/dV (V, x, y) were obtained by numerical derivative of raw I(V ) data. They are directly linked to the local quasiparticle excitation spectrum,
The thicker film, 15 nm, shows conventional and spatially homogeneous SC conductance spectra, with a non-broadened BCS-like shape, characterized by a gap ∆(0) = 2.85 meV (Fig.1) ; the gap was observed to vanish at the film's T C extracted from R sq (T ) measurement. Upon application of a magnetic field, a well-known disordered vortex lattice was revealed, attesting for local disorder existing in this extreme type II SC (Fig.1d) . Thus, our STS data on the 15 nm sample are in good agreement with the conclusions of previous reports [10, [12] [13] [14] .
Figure 2 summarizes our STS results obtained on thinner films (8, 4, 2.33 nm). The data are organized in three columns by thickness. From top to bottom, each column shows: i) a normalized conductance map for a bias voltage chosen to picture out possible gap inhomogeneities, ii) selected spectra representative of the maximal variations observed among the local dI/dV (V ) spectra (red and blue curves) and typical spectrum in magnetic field at vortex centers (black curve), iii) an image of the vortex lattice and iv) the temperature evolution of local spectra.
The 8 nm dI/dV map reveals only tiny spatial inhomogeneities of the SC gap, except in regions where structural defects occur, such as the red patch in the image. The disordered vortex lattice is routinely observed. The temperature evolution of the tunneling spectra remains conventional, although a slight spectral broadening was detected and accounted for with a very small Dynes pairbreaking parameter Γ ≈ 0.01 meV. In overall, the 8 nm NbN film behaves similarly to the 15 nm one.
The situation changes in the 4 nm sample. While the vortex lattice and the temperature evolution of the tunneling spectra do not manifest significant differences with respect to thicker samples, small spatial inhomogeneities are revealed in the tunneling conductance map, which specifically affect the gap width and the height of the coherence peaks (see the red and blue curves below the conductance map). These inhomogeneities are characterized by two spatial length scales. The smaller one is of the order of a few nm, thus close to the coherence length scale. The larger one is of several tens of nm; further analysis showed that the latter originates from slight variations of the film thickness due to underlying atomic steps of the substrate (see also Fig. 3 and section 3 of the supplemental material). Nevertheless, the dI/dV spectra at T ≪ T c remain reasonably BCS-like, the fit again requiring Γ ≈ 0.01 meV.
In the 2.33 nm sample, the tunneling spectra undergo more and more pronounced changes. The conductance maps reveal inhomogeneities comparable to the 4 nm case, characterized by two length scales. "Full" gap in dI/dV exists everywhere, characterized by zero conductance and coherence peaks, with however their amplitude much reduced with respect to the case of thicker films; their height is observed to vary spatially at the nanometer scale (see the blue and red curves), similarly to the effects discovered in cuprates [15] . The vortex lattice is hardly observable; Inside the cores the spectra present a large dip with no coherence peaks. Moreover, the normal state spectra reveal a V-shaped background with a clear minimum at zero-bias, extended on a larger energy scale than the SC gap. A shallow pseudogap (a dip opening above T C ) is also observed within a 1 K range above T C , whose energy scale is comparable to the SC gap. The spectra are poorly described by a BCS expression at T ≪ T c and require Γ ≈ 0.05 meV (see fit).
Striking changes are revealed in the tunneling characteristics of the 2.16 nm sample (see Fig. 3 ). The SC gap develops on a much deeper V-shaped background, existing also above T C (Fig. 3e) thus characteristic of the normal state, the energy scale of which is of 5-10 meV, similar to the one observed for the 2.33 nm sample. In addition, a very shallow pseudogap is present; it appears more clearly in Fig. 3f -g where R sq (T ) and dI/dV (V = 0, T ) are presented simultaneously for 2.16-8 nm films. The difference between the two behaviors is straightforward : In thicker samples, the SC gap opens at T C on a flat spectral background (usual metallic state), while in the thinner 2.16 and 2.33 nm samples, the DOS at E F is already reduced in the normal state. Additionally, the opening of the SC gap occurs at T C , as it is unambiguously detected as a kink in the dI/dV (V = 0, T ) curves (pointed by the arrows), in contrast to the smoother evolution in high-T C cuprates (see [16] 
and ref. therein).
Furthermore, the spectra are not BCS-like anymore; using nevertheless a broadened BCS DOS to estimate the gap value, yields Γ ≈ 0.10 meV. The amplitude of the quasiparticle peaks is further damped with respect to the 2.33 nm case, so that in some areas the peaks disappear completely. The conductance map in Fig. 3a allows again visualizing two-scale spatial variations, as observed in 4 nm and 2.33 nm samples, with spectral inhomogeneities quite comparable to these latter cases. i) The zero-bias conductance and the height of quasiparticle peaks vary slightly at the nm scale. ii) The large scale variations appear strikingly to be spatially ordered in parallel bands in some areas of the sample ( Fig. 3a-b ; see section 3 of the supplemental material for more details);
Another astonishing feature is observed : the spectra are dramatically unsensitive to the magnetic field ( Fig. 3b-d) ; up to B=3 T, no vortices could be observed (Fig. 3b ). However, while bulk H C2 is estimated to be ≈ 20 T, H C2 decreases with film thickness, but remains larger than 10 T for all our studied films and is thus much higher than the fields used here. Vortices are a mesoscopic manifestation of the quantum coherence of the SC condensate, where the phase of the order parameter is spatially well-defined and makes 2π turns around each vortex core. Thus, we interpret this striking result as a break-up of the long-range phase coherence in this fragile SC condensate, suggesting a lowered phase stiffness already at T = 0.4T C−bulk , thus quite before the very SIT.
A hallmark of our tunneling data on approaching the SIT is the development of a more and more pronounced V-shaped background when the film thickness is reduced. This suggest enhanced Coulombic effects [17] and is consistent with the fact that our T C vs R sq data follow the Finkelstein law [18] (see figure and section 1 of the supplemental material). The observed ∆ and T C progressive reduction (see Tab. I), with smoothly decreasing 2∆ BCS /kT C ratio, is consistent with previous reports on homogeneous disordered thin films close to the SIT [2] and with the behavior found for much thicker NbN films by changing the disorder [10] . However, it is at variance with recent STS reports on TiN and InO films, both suggesting a huge increase of this ratio with increasing disorder [6, 7] .
It is instructive to make a detailed comparison of our local results on NbN with the recently reported STM/STS experiments on TiN (3.6-5 nm), InO (15 and 30 nm) and thicker (50 nm) NbN films.
The most important difference with respect to TiN and InO samples, is that a very deep pseudogap above T C was reported, where at T C , almost all the DOS is depressed at E F [6, 7] . Additionally, it is important to note that these systems were closer to the SIT (T C ≤ 0.4T C−bulk ). In our case, all T C ≥ 0.4T C−bulk and the largest depressed DOS at E F , obtained for the closest films to the SIT, is of 35 − 50%, but is mostly due to the V-shaped background and not to the pseudogap effect. On the other hand, there are also similarities: Observation of small gap inhomogeneities and suppression of the coherence peaks with increasing disorder while the conductance spectra deviate more and more from BCS behavior.
The evolution of our tunneling spectra with varying thickness present many surprising similarities with recent studies on thicker NbN films, where the thickness was fixed and the SIT was approached by tuning the disorder (from k F l ∼ 1.2 − 10.1) [10] . In particular, thicker NbN films present a T C versus k F l dependence quite comparable to ours, and lead to tunneling characteristics similar to what is reported here. In particular, the features reported for T C = 6 K (k F l = 1.6) and T C = 4.1 K (k F l = 2.2) are comparable with those presented for our 2.16 nm film (T C = 6.7, k F l ≤ 2.6) in terms of: i) a large broadening of the spectra leading to gap filling, ii) almost vanishing of the coherence peaks, iii) the existence of a shallow pseudogap above T C .
For InO films, it was argued in [7] that the disappearance of the coherence peaks occurs at T C . This is a noticeable difference with our results, where the decay of the coherence peaks amplitude is observed to be gradual as a function of thickness and T C reduction. The coherence peaks amplitude almost vanishes in the SC state (thus below T C ) when T C ≈ 0.4T C−bulk , together with the concomitant disappearance of the vortex lattice, indicating the break-up of long range phase coherence of the SC condensate. Parts of the observed significant differences between NbN and TiN/InO films may be related to a more homogeneous crystalline structure of the NbN system, which is preserved and controlled upon thickness reduction (the growth conditions being identical for all films), leading to a more continuous behavior of the electronic properties toward the SIT.
In conclusion, the present work shows that already at T C ≈ 0.4T C−bulk , thus quite before the SIT, phase fluctuations of the SC order parameter lead to the almost vanishing of the coherence peaks, together with the disappearence of the vortex lattice, while the SC state at zero magnetic field show only slight spatial spectral inhomogeneities. Therefore, numerical simulations of a strongly disordered s-wave superconductor, showing that amplitude fluctuations alone are not sufficient to drive the SIT [20] are compatible with our results and with more recent numerical study [21] . Further investigations very close to the SIT are necessary to clarify the role and the nature of the pseudogap and of the V-shaped background we observed in ultrathin homogeneous NbN films.
